A numerical model has been used to investigate the wind-driven circulation in a stratified basin of moderate size, Lake Tahoe, California-Nevada. Two types of circulation are identified: "direct" circulations, in which the current directions remain relatively constant and the mean circulation formed over several days resembles the instantaneous circulation, and "residual" circulations, in which the currents fluctuate continuously and the mean circulation is characterized by small net displacements of parcels after large oscillations. Previous studies of stratified closed basins have emphasized residual circulations caused by cyclonically propagating internal basin modes, resulting in a single cyclonic mean gyre during light to moderate winds. Observations at Lake Tahoe have shown currents which are more constant in direction, with a double gyre pattern of surface circulation, dominated by an anticyclonic northern gyre. Model experiments of Lake Tahoe demonstrate that the curl of the wind stress must be included to obtain a direct, double gyre circulation similar to the observations. Horizontally uniform winds cause a residual circulation, similar to that reported at other lakes. Use of the model to calculate the vorticity budget clarifies the role of the wind stress curl in creating the direct double gyre.
INTRODUCTION
In this paper we investigate the dynamics of wind-driven circulations in moderate-sized, stratified basins. The work is motivated by the contrast between observations at Lake Tahoe and past studies of the circulations of a number of other real and idealized closed basins. The dynamics apply to stratified basins of 10-100 km in horizontal dimension, where the internal Rossby radius of deformation is an order of magnitude less than the basin dimension but the basin is too small to be influenced by latitudinal variation in the Coriolis parameter. In such systems, large-scale vertical displacements of internal density surfaces are trapped near the coast by the earth's rotation and propagate cyclonically around the basin. In smaller basins these displacements propagate directly across the entire basin as internal seiches in a period much less than the inertial period. In the much larger basins of the world oceans, dissipation, changes in coastal topography, and Rossby waves propagating away from the eastern coast deplete the energy in the waves before they can travel completely around the basin.
In the basins considered here, these trapped waves travel cyclonically around the basin as Kelvin or topographic waves, and a repeated series of waves may result from repeated wind forcing, such as a diurnal wind cycle or a series of synoptic storms. The instantaneous velocities associated with the waves fluctuate, causing water parcels to move in an oscillatory fashion that results in a small net displacement after each oscillation. The net basin-wide circulation created by these waves is characterized by mean velocities (when averaged over several wave periods) that are much less than the instantaneous values. Such circulations are referred to as residual circuCopyright 1986 by the American Geophysical Union.
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lations [Cheng and Casulli, 1982 ]. An alternative to a residual circulation is a direct circulation, where parcels move continuously in large gyral patterns, and the mean velocities are similar in magnitude and direction to the instantaneous velocities. The literature describing the circulations of stratified idealized basins, the Great Lakes, and lakes of the 10-to 20-km size emphasizes residual circulations as causing the often observed single cyclonic gyre [Ball, 1965; Ou and Bennett, 1979; Simons, 1980; Mysak et al., 1983] . In Lake Tahoe, mixed layer currents measured during the summer by moored current meters are relatively constant in direction, rather than fluctuating Powell, 1976, 1979] . More recently, horizontal patterns of surface circulation inferred from sequences of summer infrared (IR) satellite images are seen to consist of a double gyre, dominated by an anticyclonic northern gyre, with a weaker cyclonic southern gyre [Strub et al., 1984] . Other scattered past observations, such as transport of inflowing sediments, plumes, and locations of primary productivity maxima [Goldman, 1974] , agree with the circulation patterns inferred from the satellite IR images. Thus we ask why the circulation of Lake Tahoe differs from that of other basins ?
BACKGROUND Circulation in Closed Basins
In homogeneous basins, typical of lakes during winter and early spring, circulation patterns are often discussed in terms of the vertically integrated transport. A number of authors have described the horizontal patterns of transport in such basins [Rao and Murthy, 1970; Csanady, 1975; Simons, 1980] . In general, they find that a constant, uniform wind stress causes a topographically controlled two-gyre circulation, with downwind transport in the shallow, nearshore regions and return flow in the deeper central basin. At the surface, wind stress drives water downwind, eventually creating a surface slope and pressure gradient which opposes the wind stress.
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LAKE TAHOE Schwab, personal communication, 1986 In homogeneous basins driven by a horizontally varying wind field, changes in both depth and wind stress become important. The effects of horizontal variations in both wind stress and basin depth can be evaluated using the linear equation for the conservation of mean (vertically averaged) flow vorticity [Csanady, 1975] i.e., if the relative variation in wind stress is greater than that of the basin depth over the same horizontal scale. Lake Tahoe's central basin (Figure 1) is relatively flat, and use of the above scaling shows that differences in wind speed of less than 0.5 m/s across the basin will dominate the change in depth for light (3 m/s) winds, while differences of approximately 1.0 m/s will dominate for strong (10 m/s) winds. This suggests that the winter and early spring response of Lake Tahoe should be sensitive to the wind stress curl. This also applies to the barotropic component of the flow under stratified conditions.
In stratified basins, typical of summer and early autumn conditions, studies of the wind-driven currents emphasize that baroclinic motions, rather than bottom topography, determine the long-term circulation patterns [Simons, 1980] . For a layered fluid, as described in the appendix, the sources and sinks of vorticity in the surface layer are found by cross differentiating the linear equations for transport in the layer ( In a model of Lake Ontario's July circulation, Huang and Sloss [1981] found that the baroclinic terms contributed to cyclonic vorticity, resulting in a monthly averaged single cyclonic surface gyre. The circulation agrees with observations by Pickett and Richards [1975] . The model was driven by measured winds which were usually light and from the west. Although no horizontal variation in the wind field was allowed, a cyclonic curl in the wind stress field arose through the stability dependent drag coefficient used to calculate wind stress from wind velocity. This curl contributed to the cyclonic circulation, as discussed by Emery and Csanady, [1973] . During several days of stronger westerly winds a two-gyre pattern developed, similar to the winter pattern, which decayed back to the single gyre when the winds relaxed. Simons [1975] simulated August currents in Lake Ontario following strong northwest winds and found a similar result: strong winds initially forced a two-gyre pattern, but as the winds decreased, the cyclonic southeast gyre became dominant over most of the lake. Using both analytic and numerical methods, Ou and Bennett [1979] found that the nonlinear resonant in- resulted in a residual cyclonic flow in an idealized basin the size of Lake Kinneret (similar in size to Lake Tahoe), in agreement with current measurements [Serruya, 1975] . No curl in the wind stress was allowed. Bennett [1977, 1978] •'Winds measured hourly at one station on the NW coast, applied uniformly over the entire lake.
$Bilinearly interpolated from measurements at seven stations around the lake.
images ( (Table 1) . In experiment 1 the model was driven by a wind stress from the southwest that was constant in space and time. Next, the model was run with two kinds of time varying but horizontally uniform winds. Experiment 2 tested the effects of temporal variation in wind speed but not direction by driving the model with wind that was always from the southwest, with a diurnal maximum in midafternoon. This was the simplest approximation to the typical diurnal pattern. Experiment 3 used measured hourly winds from one well exposed location on the shore of the lake, applied uniformly over the lake's surface. This allowed temporal (but not spatial) variation of both wind speed and direction. In experiment 4 the model was driven by hourly wind fields that were constructed from bilinearly interpolated hourly averages of winds measured at seven locations around the lake's perimeter. This tested the effect of both spatial and temporal variation in wind speed and direction.
The experiments with diurnally varying winds were run for up to 12 days, repeating the wind forcing each day. Hourly averages of surface displacements and water velocities at each grid point of the model were saved and plotted. Trajectories were calculated for neutral parcels that were started at each grid point and moved by advection. Two-day residual velocities were formed from the 48-hour net dispalcements of the parcels.
RESULTS
In experiment 1, where the model was driven by a constant and uniform 10 m/s southwest wind, the lake responded quickly and simply with surface drift in the direction of the wind. Upwelling occurred on the west side of the basin, especially in the northwest where the coldest water is seen in the satellite images (Figure 2) . Downwelling occurred on the east and especially in the northeast. This experiment demonstrates the short-term response of the lake during idealized afternoon wind events, sweeping the lake with winds from the southwest for 3-6 hours. The results agree qualitatively with midlake observations by Powell [1976, 1979] , who saw a slablike response to the wind, with currents of 10-20 cm/s in the mixed layer.
In experiment 2, diurnal variability of the wind forcing was approximated with a repeated 24-hour cycle of southwest winds, beginning in the morning, peaking at • 9 m/s at 1400 LT, and stopping by late evening. The response of the lake during the initial wind event was similar to experiment 1. The surfaces of the three layers at the end of this first wind cycle 15m - To assess the impact of changing wind direction, as well as Attempting to further examine the balance of terms in the surface vorticity budget (2) by simple scaling proves inconclusive. The magnitudes of the first three terms on the right of (2) (the pressure term, the divergence term, and the wind stress curl) are all of the same order of magnitude, while the horizon-tal friction and the curl of the bottom friction are much smaller. This scaling, however, applies to the peak values of oscillating terms, not to the longer averages that determine the residual currents. Ou and Bennett [1979] present an analysis of residual currents driven by horizontally uniform winds and describe conditions for cyclonic and anticyclonic flow. For a large, deep lake with a relatively shallow thermocline, driven by diurnally varying but horizontally uniform winds, their conclusions imply a cyclonic secondary circulation, as seen in the southern end of our model experiment 2. In lieu of an analytic theory which allows us to compare the time histories of all the terms of the vorticity budget, we have used the numerical model to calculate the terms of (2) at a number of locations in the surface layer of the lake, for experiments 2 and 4. Hourly averaged values of the total transport vorticity in the surface layer are presented in Figure 8 for experiments 2 and 4 at two locations (Figure 7) , one each in the northern and southern gyres.
In the northern gyre the anticyclonic motion is arrived at in very different ways in the two experiments. The oscillatory nature of the experiment 2 surface currents is reflected in the oscillating vorticity shown in Figure 8 . The two-day mean vorticity does finally become slightly anticyclonic between days 4 and 6, but the ratio of the daily mean vorticity to the peak-to-peak range of oscillation is only 0.3 by the tenth day. In experiment 4 the situation is reversed, with a mean anticyclonic circulation generated immediately, becoming greater than the range of oscillations by the end of the second day. By the tenth day the ratio of the mean value to the peak-to-peak is calculated from wind velocities using a bulk formula, x--UlUl, with p, the air density set constant at 1.0 kg m-3 at Lake Tahoe's altitude, CD taken constant at 1.3(10-3), and the wind velocity Ua specified as stated in the text. Friction at the bottom of the lake is found with a similar quadratic drag law, xb = pBvlvl, where B is a constant equal to 2.5(10-3), and v is the water velocity in the bottom layer. Interfacial stress, at the top or bottom of an internal layer, is found using a vertical eddy viscosity, x = pAv(Ov/Oz), where v is water velocity, not transport. The finite difference is found over Az, the vertical distance between the midpoints of the two layers, and Av is the vertical eddy viscosity, set equal to 5(10 -'•) m 2 s-•.
An explicit forward time step of 10 s is used to increment U and V using (A2) and (A4). The vertical displacements are then incremented using (A3).
